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Background
A combined numerical and experimental program was conducted at the U.S. Army Research Laboratory (ARL) to characterize small jets from conical liners and a small explosively formed penetrator (EFP) by three different off-the-shelf detonators from Reynolds Industries Systems, Inc. (RISI). The simulations were completed before the experiments. This report describes the modeling techniques used for both the conical shaped charge (SC) and EFP formation simulation. Three types of exploding bridge wire (EBW) detonators, provided by RISI, were investigated in this study. The RISI catalogue designations were RP-1 SC EBW shaped charge part number (PN) 167-8673, the RP-4 SC EBW shaped charge PN 188-7377, and the RP-4 SFF EBW self-forging fragment (SFF) PN 188-7378 (1). The jet properties from these charges have never been characterized. Therefore, the focus of this study sought to characterize the jets (i.e., jet shape, velocity, etc.). Figure 1 depicts the RP-1 SC EBW detonator geometry. The liner was made from copper, the sleeve from brass, and the explosive fill was pressed pentaerythrite tetranitrate (PETN). Figure 2 depicts the RP-4 SC EWB detonator geometry. The liner was a 60-degree copper cone and the explosive fill was plasticized hexogen (RDX). Figure 3 shows the geometry of the RP-4 SFF EBW detonator. The liner was made from copper and the explosive fill was plasticized RDX. Details of the liners and detonator assemblies were provided by RISI and are discussed later. The detonators were to be used in another application, which necessitated the conical SC and EFP characteristics. The other application involves using the formation simulation results to obtain the performance characteristics of the jets from the conical and EFP liners against various target scenarios. 
Experiments
The testing was performed at ARL's experimental facility 108 at Aberdeen Proving Ground, Maryland, since this was the only facility available for this program. Three 150-kilo-electron volt (keV) x-ray tubes were placed 4 inches (102 mm) apart along a horizontal axis. The charge was positioned so that it pointed perpendicular to the x-ray axis at the location of the middle x-ray head. Because of limitations of the experimental facility, only 10 inches (254 mm) of vertical film coverage was possible. For the RP1 SC EBW detonator, in particular, the radiographic measurements were extremely difficult to resolve because of the extremely small particle size produced by the charge.
The jet and EFP free flight flash radiographs are shown in figures 4 through 9. Figures 4 through 6 show the flash radiographs for the RP-1 SC EBW for shot numbers 814, 815, and 817, respectively. The radiographs show that the RP-1 SC EBW is not a well-formed shaped charge jet (SCJ) in that the jet particles were not collinear. In addition, the experimentally determined jet tip velocities vary significantly, as listed in table 1. The jet tip velocity was determined to range from 2,653 to 4,867 m/s plus or minus the error measurement. This is because of limitations of the experimental facility, the fact that the shaped charges were not precision manufactured, and difficulty in the determination of the exact location of the leading particle in the radiographs. Figure 7 shows the free flight jet for the RP-4 SC EBW at three radiograph flash times. The figure shows that the RP-4 SC EBW produces a well-formed jet. The jet remains relatively collinear and cohesive. At 23.6 µs, some necking near the rear of the jet is evident. The jet tip velocity was determined to be around 5,313 m/s (see table 1 ). The jet diameter for this charge was requested by RISI, and the measured jet diameter was 3.1 mm at the tip, 1.05 mm in the middle of the jet, and 3.0 mm at the tail. These values were measured at the latest flash time (23.6 µs), but the jet was still stretching. Figure 8 shows the EFP in the early stages of formation and figure 9 shows the EFP at the later stages of formation. The velocity of the leading edge of both is between 2,900 and 3,000 m/s (see table 1 ). Figures 8 and 9 show that although the leading edge velocity of the EFP is fairly consistent, the EFP's final shape can vary considerably. Any significant errors in the charge velocities can be attributed to three main sources of error: 1) placement of the charge with reference to the x-ray tubes, 2) measurements from the radiographs, and 3) the measurement of time between the x-ray flashes. The placement errors included translational errors in the X and Y planes, as well as rotational errors attributable to angular departure from perfectly plumb. These placement errors totaled approximately 1/8 inch (3.2 mm) and contributed to changes in the correction factor used to remove the magnification of the radiographic images. The error for the film measurements was ±0.010 inch (0.25 mm) per measurement. The timing error was 1x10 -7 seconds for each measurement. In general, we obtained the velocities by dividing a small distance by a short time, thereby magnifying the effect of the accumulated errors. Based on the errors just discussed, the jet tip or EFP velocities and associated errors are given in table 1.
Simulation Setup
Three two-dimensional (2-D) axis-symmetric simulations were conducted with a fine resolution mesh, one for each detonator type. An additional three-dimensional (3-D) simulation of the jet formation was performed for the RP-4 SC EBW SC with the same cell size of the coarse resolution mesh needed for 3-D simulations involving a target. Thus, the 3-D simulation would be used to determine whether the coarse mesh would still adequately model small jets.
The simulations were performed with the March 1999 version of the CTH hydrocode (2), which is a state-of-the-art, second order accurate, Eulerian hydrocode undergoing continuous development at the Sandia National Laboratories, Albuquerque, New Mexico. CTH is capable of solving complex problems in shock physics in one, two, or three dimensions. The code provides several constitutive models, including an elastic-perfectly plastic model with provisions for work hardening and thermal softening, the Johnson-Cook model (3), the Zerrilli-Armstrong model (4), the Steinberg-Guinan-Lund model (5, 6) , an undocumented power-law model, and others. High explosive detonation can be modeled via the programmed burn model, the Chapman-Jouguet volume burn models, or the history variable reactive burn model (7) . Several equation-of-state (EOS) options are available, including tabular (i.e., SESAME 2 ), analytical equation of state (ANEOS), Mie-Grüneisen, and Jones-Wilkins-Lee (JWL) (8) . Material failure occurs when a threshold value of tensile stress or hydrostatic pressure is exceeded. In addition, the Johnson-Cook fracture model (9) is available. When failure occurs in a cell, void is introduced until the stress state of the cell is reduced to zero. Recompression is permitted. To reduce the diffusion typically encountered in Eulerian simulations, several advanced material interface tracking algorithms are provided, including the high-resolution interface tracking algorithm (available for 2-D simulations only), the simple line interface calculation algorithm (10) , and the Sandia-modified Young's reconstruction algorithm (11) .
Initial simulations of the SCJs and EFP were performed in 2-D axis-symmetric configuration. The RP-4 SC EBW was repeated with quarter symmetry in a 3-D model with a mesh resolution similar to that needed to model jet-target impacts. The detonator geometries used in the CTH simulations for the RP1 SC EBW, RP4 SC EBW, and RP4 SFF EBW were simplified from the drawings shown in figures 10 through 12. The origin of the coordinate system used in all simulations was placed at the base of the liner. For the axis-symmetric simulations, the mesh consisted of 650 × 6600 cells for the RP1 SC EBW simulation and 1500 × 7500 cells for both the RP4 SC EBW and RP4 SFF EBW simulations. The cell size for all axis-symmetric simulations was 0.001 × 0.001 cm and was uniform throughout the meshes. The 3-D RP4 SC EBW mesh consisted of 150 × 750 × 150 cells having a uniform size of 0.01 × 0.01 × 0.01 cm with planes of symmetry at x = 0 and z = 0. A Lagrangian tracer particle was placed at the origin of the coordinate system of each simulation to capture the jet tip or EFP leading edge velocity. The copper liners were modeled with standard copper properties for the Johnson-Cook constitutive model and CTH library values for the Mie-Grüneisen EOS. The same holds true for the brass case for the RP1 SC EBW simulation. The aluminum case for the RP4 SC EBW and RP4 SFF EBW simulations was modeled with the Johnson-Cook constitutive model and the SESAME tabular EOS available in the CTH material library. Failure in the metals was modeled with a simple tensile pressure criterion so that failure for copper, brass, and aluminum would occur when the tensile pressure would exceed 0.345, 1.300, and 0.400 GPa, respectively. The explosives, PETN and plastic-bonded explosive (PBX) 9407, were treated as fluids (i.e., they do not support strength). The JWL EOS was used to model the pressure-volume-energy behavior of the detonation products with parameters reported by Dobratz (12) . A simple programmed burn model was used to model explosive initiation. In the axis-symmetric simulations, the explosive was initiated along a line at the bottom of the explosive and in the 3-D simulation, the explosive was initiated at a disk at the bottom of the explosive. A complete listing of the CTH input for the axis-symmetric simulations for the RP1 SC EBW, RP4 SC EBW, and RP4 SFF EBW is given in appendices A through C, respectively. The CTH input for the 3-D simulation of the RP4 SC EBW is shown in appendix D. Figure 13 shows the jet formation of the RP-1 SC EBW charge at times that roughly correspond to the times shown in the flash radiographs in figures 4 through 6. Like the jet in the experiments, the jet particulates early. Figure 14 shows the axial velocity profile of the jet at 13 µs. The jet tip velocity is 3.3 km/s, which is within the range of tip velocities listed in table 1. The RP-1 SC EBW charge produced a poorly formed jet. Figure 15 shows the RP-4 SC EBW 2-D axis-symmetric simulation results at 0, 11, and 19 µs. These free flight times were chosen to roughly match the flash radiographs in figure 7 . The general shape of the jet in both the experiment and the simulation agrees. However, there seems to be a time mismatching between the experiment and simulation. Time zero for the simulation corresponds to when the explosive was line initiated at the base of the explosive charge, as shown in figure 11 . Time zero in the experiments corresponds to when an electrical current was applied to the standard detonator head (item 1 in figure 2) . Thus, the time-zero offset suggests that the simulation times correspond to later experimental times. It is estimated that the difference between the experiments and simulation is about 5 µs. Figure 17 shows the axial jet velocity profile of the RP-4 SC EBW charge at 12 µs for the 2-D and the 3-D simulations. Note that there are only minor differences in the velocity profile, most notably at the leading edge of the jet. The jet tip velocity was determined to be 5.7 km/s for the 2-D simulation, while it was 5.6 km/s for the 3-D simulation. Thus, the simulations over-predict the experimentally determined tip velocity, 5.313 ±0.125 km/s, by approximately 7%. However, with only one experiment, the data scatter is unknown. 
Results and Discussion
RP-1 SC EBW Simulation
RP-4 SC EBW Simulations
RP-4 SFF EBW Simulation
Formation of the EFP is shown in figure 18 at times that roughly correspond to the experimental radiograph flash times in figures 8 and 9. Again, there is some difference in time because of the difference in time zero between the experiments and the simulation, with the simulation time being later than the experiments. The estimated time difference is about 5 µs. At 20 µs, a global velocity transformation was performed to subtract 2.9 km/s in the axial direction from the mesh to freeze the EFP's forward motion while allowing it to continue to deform, thereby minimizing the size of the mesh needed to complete the simulation to 50 µs. The leading edge velocity determined from the simulation was 2.8 km/s and agrees very well with the velocities determined from two experiments (see table 1 ). The EFP shape shown in figures 8 and 9 varies a great deal. These experiments show that the RP-4 SFF EBW detonator forms penetrators that fail to create a consistent shape. Thus, it is difficult to say how well the EFP shape determined from simulation agrees with the experiments. 
Conclusions
The results of numerical simulations of the free flight characteristics of two conical SC and one EFP were presented. The charges were on the order of 1 inch in diameter. The simulations were compared to experimental data and were performed in advance of the experiments. Generally, the CTH simulations predicted jet characteristics that are in good agreement with the limited experimental data for off-the-shelf EBW detonators. 
